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To 
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4. 184  000 
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4. 184  000  X  E  -2 

curie 

•giga  becquerel  (GBq) 

3.  TOO  000  XE  •.! 
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radian  (rad) 

1.  745  320  X  E  -2 
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1,  =  (ff  +  459. 67)  A.  8 
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joule  (J) 
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meter  (m) 

1  000  000  X  E  -6 

mil 

meter  (m) 

2.  540  000  X  E  -5 
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*The  becquerel  (Bq)  is  the  SI  unit  of  radioactivity;  1  Bq  =  1  event/s. 

••The  Gray  (Oy)  is  the  SI  unit  of  absorbed  radiation. 

A  more  complete  listing  of  conversions  may  be  found  in  "Metric  Practice  Guide  E  380-74  '■ 
American  Society  for  Testing  and  Materials. 
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SECTION  1 


INTRODUCTION 

The  objective  of  this  study  was  to  design  and  carry  out  an 
experimental  program  to  determine  source-independent  transfer 
coefficients  relating  an  external  electromagnetic  field  to  the  voltages 
and  currents  inside  a  system  when  in  a  simulated  EMP  environment. 

The  vast  majority,  if  not  all,  of  the  EMP  coupling  analyses 
pertaining  to  systems  that  are  basically  metallic  enclosures  (i.e., 
aircraft,  missiles,  ships,  and  tanks)  have  included  the  calculation 
of  external  coupling  quantities  (surface  current  and  charge  densities). 
It  has  always  been  a  general  underlying  belief  that  these  quantities 
could  be  used  to  determine  voltages  and  currents  driving  critical 
subsystems  contained  within  the  enclosure. 

Explicit  demonstrations  of  the  relationship  between  internal 
voltages  and  currents  and  external  coupling  quantities  are  contained 
in  the  works  of  Latham  [1]  and  Lee  and  Baum  [2].  These  works  are 
directed  toward  obtaining  the  voltages  and  currents  associated  only 
with  a  TEM  mode  excited  within  a  simple  enclosure.  These  works  depend 
on  small  aperture  assumptions  as  well  as  a  knowledge  of  electric  and 
magnetic  polarizabilities  associated  with  the  apertures.  The  work  of 
Tesche  [3]  also  depends  on  small  aperture  assumptions  and  a  knowledge 
of  aperture  polarizibil ities  in  order  to  relate  external  coupling 
quantities  to  internal  quantities.  His  work  is  of  a  more  general 
nature  than  the  previously  cited  works  in  that  he  allows  both  the 


external  and  internal  geometry  to  be  quite  complex;  however,  his  work 
contains  no  explicit  procedure  or  results.  The  least  restrictive  work 
related  to  transfer  coefficients  is  contained  in  a  relatively  recent 
report  by  Baum  [4].  Baum  allows  the  more  general  concept  of  aperture 
to  include  apertures  associated  with  antennas  and  he  also  eliminates 
the  requirement  that  aperture  polarizabilities  be  known.  He  lists  the 
following  assumptions  for  the  validity  of  his  approach: 

(a)  Electrically  and  physically  small  apertures. 

(b)  No  significant  interaction  between  penetrators. 

(c)  Independent  contributions  from  the  different  external  coupling 
quantities  at  a  given  penetrator. 

Baum's  work  was  directed  toward  developing  extrapolation  techniques 
for  interpreting  the  results  of  tests  in  EMP  simulators  in  terms  of  EMP 
criteria.  For  that  application,  it  is  essential  that  the  dependence  of 
the  transfer  coefficients  on  the  complete  exterior  system  environment  be 
appropriately  accounted  for.  His  "penetration  extrapolation"  can  be 
related  to  somewhat  remote  radiating  simulators,  but  not  to  proximate 
bounded  wave  simulators.  The  compensation  for  simulator/test  object 
interactions  requires  two  sets  of  transfer  coefficients. 

The  new  transfer  coefficient  theory  advocated  by  Sancer  [5] 
differs  from  Baum's  theory  in  the  elimination  of  the  first  two 
assumptions.  The  elimination  of  these  assumptions  requires  experimental 
measurements  which  are  the  subject  of  this  study. 

To  prove  (or  disprove)  this  theory  an  experimental  program  was 
designed  to  measure  transfer  coefficients  relating  the  external  electro¬ 
magnetic  field  quantities  to  voltages  and  currents  inside  a  relatively 
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simple  cavity.  The  model  studied  was  a  cylinder  of  finite  length  having 


either  hemispherical  end  caps  or  flat  end  plates.  The  interior  of  the 


structure  was  a  cylindrical  cavity  with  a  single  wire  running  through 


the  center,  shorted  at  one  end  and  terminated  in  50  ohms  at  the 


other.  The  excitation  of  the  interior  is  through  a  small  hole  in  the 


side  of  the  cavity. 


For  the  case  of  a  cylindrical  model  with  a  single  aperture,  as 


the  case  studied  here,  the  voltage  induced  in  the  interior  is  written 


Vd  =  T  J,  +  T^J .  +  T 
K  z  z  <|)  <|)  n  n 


where  =  the  longitudinal  component  of  current  density  induced  by  the 


exterior  source  on  a  metallic  seal  placed  over  the  aperture. 


J  =  the  circumferential  component  of  current  density  induced  by  the 


exterior  source  on  a  metallic  seal  placed  over  the  aperture. 


=  the  normal  component  of  electric  field  induced  by  the 


exterior  source  on  a  metallic  seal  placed  over  the  aperture. 


The  coefficients  T  ,T^  and  T  are  so-called  transfer  coefficients  to 
z  <p  n 


be  determined.  All  quantities  in  Eq.  (1)  are  functions  of  frequency. 


To  make  these  measurements  the  facility  and  procedures  developed 


and  used  for  measurements  of  external  electromagnetic  fields  induced 


by  plane  electromagnetic  waves  on  scale  model  aircraft  such  as  the 


F-111,  F-14A,  F-16A  etc  [6]  were  adapted.  This  is  a  sweep  frequency 


measurement  facility  that  provides  a  plane-wave  incident  source  and 


measures  amplitude  and  phase  of  given  circuit  response.  The  coverage 


is  118  to  4400  MHz. 


Section  2  of  this  report  describes  the  facility  in  more  detail. 
Section  3  describes  some  of  the  preliminary  studies  that  were  carried 
out  to  get  a  "feel"  for  the  problem  and  obtain  the  design  criterion 
for  the  cylindrical  model  such  as  the  size  of  the  model,  the  size  of 
the  coupling  hole,  etc.). 

There  were  two  basic  experimental  studies  carried  out.  In  the 
first  one  the  measurements  were  performed  on  the  cylinder  in  free  space 
with  the  coupling  aperture  located  at  one  quarter  distance  from  one  erid 
of  the  cylinder.  In  such  a  case  all  three  field  quantities  (c.f.  £q.  (1)) 
are  present  at  the  (shorted)  aperture  and  hence  sufficient  data  were 

taken  to  determine  the  three  transfer  coefficients  T  ,  and  T„. 

z  (j>  n 

The  model,  the  measurements, and  data  are  presented  in  Section  4. 

In  the  other  study  a  situation  was  selected  to  demonstrate  the 

transfer  coefficient  dependence  on  the  exterior  environment.  The 

experiment  consisted  of  the  cylinder  in  front  of  a  metallic  ground 

plane.  The  aperture  this  time  was  cut  at  the  center  of  the  cylinder 

i  nc 

and  the  cylinder  was  excited  with  E  parallel  to  the  axis.  In 
such  a  case  Eq.  (1)  reduces  to 

V,  =  V,  .  (2) 

and  only  one  coefficient  T^  needsto  be  determined.  However,  the  T^ 
is  now  also  dependent  on  the  ground  plane  spacing  from  the  cylinder. 

This  study  and  the  results  are  presented  in  Sections  5  and  6. 

All  the  measured  data  was  also  forwarded  to  R&D  Associates  and 
their  analysis  of  the  data  have  been  reported  in  [5]. 


The  appendix  of  this  report  contains  a  study  of  junction 
capacitance  at  the  load  end  of  the  wire  in  a  cylindrical  cavity.  Such 
results  would  be  needed  in  the  theoretical  modelling  of  the  cavity 
circuit. 
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SECTION  2 


DESCRIPTION  OF  THE  EXPERIMENTAL  FACILITY 

;  The  facility  utilized  in  making  the  swept-frequency  measurements 

for  this  contract  is  an  anechoic  chamber  operated  over  a  frequency 
range  of  118-4400  MHz.  The  data  acquisition  instrumentation  for  the 
1  chamber  is  fully  automated  and  digitally  controlled  by  a  desktop 

I 

computer.  Data  is  acquired  in  digital  form  over  three  frequency  bands: 
118  to  1000  MHz,  940  to  2100  MHz,  and  2000  to  4400  MHz.  Both  the 
amplitude  and  phase  of  the  signals  are  measured,  and  the  results  are 

I 

[  normalized  to  an  incident  plane  EM  wave. 

A  block  diagram  of  the  measurement  system  is  shown  in  Fig.  2.1. 
Control  of  the  instrumentation  is  accomplished  via  an  HP-9830, 
desktop  computer.  In  the  first  part  of  the  data  acquisition  process, 

I  the  sweep  generator  is  programmed  by  the  HP-9830  to  output  one  of 

several  discrete  frequencies  equally  spaced  throughout  each  frequency 
^  band.  This  signal  is  amplified  by  the  power  amplifiers,  and  a  portion 

I 

of  it  is  sampled  and  fed  into  an  EIP  Model  371  source-locking  frequency 
counter,  which  was  purchased  under  this  contract.  By  itself,  the 
sweep  oscillator  can  produce  an  RF  signal  within  approximately  5.0 
j  MHz  of  the  frequency  for  which  it  is  programmed,  and  this  signal  can 

I 

vary  over  several  MHz  during  a  24  hour  period.  However,  with  the 
I  addition  of  the  source-locking  capability  of  the  EIP-371  counter, 

I  the  output  of  the  sweep  oscillator  can  be  stabilized  to  within  a 

few  Hz  of  the  desired  frequency.  Since  this  locking  process  is 
controlled  by  the  9830,  the  exact  same  frequencies  can  be  generated 
j  on  a  day-to-day  basis,  without  the  drift  previously  encountered. 

This  is  important  since  calibration  measurements  are  often  made  on 


diagram  of  the  facility. 


different  days  than  the  test  measurements.  Also,  measurements  can  be 
accurately  repeated  if  necessary. 

The  now  stable  RF  signal,  after  amplification,  is  fed  to  a  wide¬ 
band  antenna  at  the  front  of  the  anechoic  chamber,  which  illuminates 
the  body  being  measured.  A  directional  coupler  and  power  splitter 
at  the  input  to  the  antenna  provide  reference  RF  signals  for  the 
frequency  counter  and  an  HP-8410B  network  analyzer. 

Inside  the  chamber,  small  probes  mounted  on  or  inside  the  object 
under  test  measure  the  current  and/or  charge  distributions  induced  by 
the  field  from  the  antenna.  The  probe  leads  are  positioned  for 
minimum  interaction  with  the  test  model  and  the  incident  field.  The 
signal  from  the  probe  is  then  preamplified  and  input  to  the  network 
analyzer.  The  network  analyzer  outputs  analog  voltages  which  are 
proportional  to  the  amplitude  and  phase  of  the  probe  signal  relative 
to  the  amplitude  and  phase  of  the  reference  signal.  These  voltages 
are  sent  to  a  CRT  display  where  they  can  be  monitored  by  the 
operator,  and  to  a  multiplexer  under  control  of  the  9830,  which 
alternately  switches  the  amplitude  and  phase  voltages  into  an  analog-to- 
digital  converter.  The  amplitude  and  phase  data,  now  in  digital  form, 
is  read  into  the  9830  and  stored  there  in  memory. 

The  entire  procedure  described  above  is  repeated  at  equally 
spaced  intervals  throughout  each  frequency  band.  Thus  a  discrete 
sampling  of  the  amplitude  and  phase  of  the  probe  signal  is  obtained 
directly  in  digital  form  in  the  9830  memory.  This  data  is  copied 
on  magnetic  tape  at  the  completion  of  each  frequency  band,  and  is 
thus  available  for  subsequent  processing.  The  processing  of  the  data 
takes  place  initially  on  the  9830,  and  then  it  is  transferred  to  the 


University  of  Michigan  computer  system  for  final  reduction  and 
plotting,  as  shown  in  the  figure.  In  order  to  accommodate  the  large 
amount  of  data  encountered  in  these  measurements,  the  memory  capacity 
of  the  9830  was  extended  to  6K  bytes  with  the  purchase  of  a  4K  byte 
add-on  memory  under  this  contract. 


SECTIOri  3 


PRELIMINARY  MEASUREMENTS  OF  EM  COUPLING  INTO  A  CYLINDRICAL  CONDUCTING 

CAVITY  THROUGH  A  CIRCULAR  APERTURE 

Measurements  were  made  of  the  electromagnetic  coupling  into 
a  conducting  right  circular  cylinder  through  a  small  circular  aperture 
under  E-  and  H-polarized  incident  fields.  The  cylinder  was  45  cm  (17.7 
inches)  long  with  a  radius  of  2.775  cm  (1.1  inches).  A  1.27  cm 
(0.5  inch)  diameter  circular  aperture  was  located  15  cm  (5.9  inch) 
from  one  end  of  the  cylinder. 

Two  types  of  field  probes  were  used  in  the  measurements,  as 
illustrated  in  Figs.  3.1(a)  and  3.1(b).  The  first  probe  consisted  of 
a  long  wire  running  the  length  of  the  cylinder  down  its  axis.  The 
wire  was  shorted  to  the  cavity  at  the  end  nearest  the  aperture,  while 
at  the  other  end  it  was  fed  through  an  SMA  chassis  mount  female 
connector  to  the  center  conductor  of  a  50  ohm  cable. 

For  the  second  probe,  the  axial  wire  was  shorted  to  both  ends 
of  the  cavity  and  a  rectangular  wire  loop  2.0  cm  x  0.5  cm  was  placed 
near  one  extreme  of  the  shorted  wire.  Figure  3.1(c)  is  a  closeup 
view  of  the  loop,  one  end  of  which  was  shorted  to  the  endcap  of 
the  cavity,  while  the  other  end  was  fed  through  the  SMA  connector 
to  the  center  conductor  of  a  50  ohm  cable  in  a  manner  similar  to  the 
first  probe.  The  effect  of  the  two  probes  is  to  produce  a  loaded 
(low-Q)  and  unloaded  (high-Q)  resonant  cavity  respectively. 

The  measurements  were  made  in  an  anechoic  chamber  over  a 
frequency  range  of  200  to  1100  MHz  using  an  experimental  setup  similar 
to  that  shown  in  Fig.  2.1.  For  all  measurements,  the  cylinder  was 
oriented  such  that  the  excitation  field  was  incident  normal  to  the 
center  of  the  aperture. 


Figure  3.1(a).  Low-Q  probe  mounted  in  cylinder  (not  to  scale). 


Figure  3.1(b).  High-Q  probe  mounted  in  cylinder  (not  to  scale) 


Figure  3.1(c).  Full-scale  view  of  high-Q  probe  mount  (not  to  scale). 
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Four  experiments  were  carried  out  on  the  cylinder: 

1.  Incident  E-field  parallel  to  the  axis  of  the  cylinder, 
low-Q  probe. 

2.  Incident  H-field  parallel  to  the  axis  of  the  cylinder, 
low-Q  probe. 

3.  Incident  E-field  parallel  to  the  axis  of  the  cylinder, 
high-Q  probe. 

4.  Incident  H-field  parallel  to  the  axis  of  the  cylinder, 
high-Q  probe. 

Each  experiment  consisted  of  two  measurements;  first  with  the  aperture 
covered  with  conducting  tape,  and  the  second  with  the  tape  removed. 

The  resulting  signal  excited  on  the  probe  for  the  four  experiments 
are  shown  in  Figs.  3.2(a)  through  3.2(d). 

An  examination  of  the  resonant  frequencies  in  plots  3.2(a)  and 
3.2(c)  indicates  they  correspond  to  TEM  modes  (cavity  length  =  n  /2). 
It  is  also  obvious  from  3.2(b)  and  3.2(d)  that  energy  from  these 
modes  is  coupled  to  both  probes  only  under  E-polarization.  Because 
of  this  fact,  a  new  probe  was  designed  to  coupled  energy  into  the 
TEM  modes  under  both  E-  and  H-polarizations.  This  new  probe  is 
discussed  below. 

In  order  to  cross-couple  energy  from  the  H-polarized  incident 
field  to  the  TEM  modes  normally  excited  under  E-polarization,  a 
probe  was  needed  in  which  a  circumferentially  excited  current  on 
the  probe  (H-polarization)  could  be  converted  into  an  axial  current 
(TEM  mode).  To  accomplish  this,  the  straight  axial  wire  of  the  high-Q 
probe  was  replaced  by  a  straight  wire  with  a  single  turn  spiral 
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Figure  3.2(d).  Interior  response  of  the  cylinder;  high-Q  probe,  H-polarization 


centered  below  the  aperture.  A  diagram  of  the  wire  and  its 
dimensions  are  shown  in  Fig.  3.3.  Under  H-polarization,  the 
circumferential  field  from  the  aperture  has  a  component  which  excites 
a  current  in  the  spiral.  This  current  travels  down  the  axial  portion 
of  the  wire  and  in  turn  excites  the  TEM  modes.  The  small  loop  then 
picks  up  the  signal  from  these  modes. 

The  cylinder  was  placed  in  an  anechoic  chamber  and  oriented  in 
the  same  manner  as  in  Part  I.  The  frequency  range  used  was  extended 
to  cover  200  to  4400  MHz.  The  resulting  relative  signal  amplitude 
is  shown  in  Figs.  3.4(a)  and  3.4(b)  under  E-  ahd  H-polarizations , 
respectively.  Both  plots  show  the  equally  spaced  TEM  resonant  peaks 
throughout  the  entire  band.  The  difference  between  the  relative 
heights  of  the  peaks  is  due  to  a  lack  of  resolution  in  the  digitally 
acquired  data  (frequency  increment  being  too  large),  as  well  as  the 
generally  higher  coupling  under  E-polarization.  The  irregularly 
spaced  peaks  above  3200  MHz  are  higher-order  cavity  modes  (TE  and  TM). 

Signal -to-noise  ratio  under  both  polarizations  for  this  probe 
was  25  to  30  dB  nominally,  and  40  dB  maximum. 
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SECTION  4 


TEST  MODEL.  MEASUREMENTS,  AND  DATA 

4.1  The  Model .  The  model  used  in  obtaining  the  data  presented 
in  this  section  is  a  modified  version  of  the  one  described  in  Section  3 
of  this  report.  It  consists  of  a  right  circular  cylinder  terminated 
by  two  hemispherical  caps  as  shown  in  Fig.  4.1.  The  entire  model  is 
made  of  machined  brass,  with  a  diameter  of  2.005  inch  and  an  overall 
length  of  15.20  inches.  The  hemispherical  caps  are  threaded  on  the 
cylinder  so  that  they  may  be  removed  in  order  to  mount  sensors  inside 
the  cavity.  As  shown  in  Fig.  4.1,  two  small  cover  plates  are  inserted 
between  the  cylinder  and  the  caps.  These  serve  to  truncate  the 
interior  of  the  model  in  the  shape  of  a  right  cylindrical  cavity  of 
length  12.635  inches,  as  well  as  to  provide  a  surface  for  mounting 
the  interior  sensor  and  its  associated  connectors.  In  order  to 
provide  coupling  between  the  exterior  surface  fields  on  the  model  and 
the  interior  cavity,  a  circular  bole  3/8  inch  in  diameter  was 
drilled  at  a  distance  of  3.8  inches  from  one  end  of  the  model  as 
shown  in  Fig.  4.2(a).  This  hole  was  also  used  for  mounting  the  probes 
used  in  measuring  the  exterior  surface  current  and  charge  distributions. 

Measurements  on  the  interior  of  the  model  were  made  with  the 
sensor  illustrated  in  Fig.  4.2(b).  The  sensor  consisted 
of  a  length  of  0.030  inch  diameter  wire  running  axially  down  the 
cavity.  The  wire  was  shorted  at  the  end  of  the  cavity  nearest  the 
3/8  inch  hold  (end  B)  and  terminated  in  a  50-ohm  load  at  the  other 
end  (end  A).  It  was  across  this  50-ohm  load  that  the  internal  signal 
was  measured. 


Figure  4.1.  Mechanical  design. 


4.2  Measurements.  The  exterior  and  interior  measurements  were 

performed  using  procedures  and  techniques  developed  for  scale  model 

aircraft  measurements  related  to  studies  of  external  EMP  coupling. 

Figure  4.3  shows  the  orientation  of  the  cylinder  and  the  measurement 

point  with  respect  to  the  incident  electromagnetic  field.  The 

exterior  data  measured  were  the  axial  and  circumferential  currents, 

J  and  J  ,  and  the  normal  electric  field  (charge)  E  .  Note  that 
a  c  n 

for  parallel  polarization  (also  referred  to  as  horizontal  orientation 
because  the  cylinder  was  horizontally  mounted  in  the  anechoic  chamber) 
the  incident  electric  field  vector  is  in  a  direction  toward  end  B 
(the  end  nearest  the  hole)  and  for  the  perpendicular  polarization 
(vertical  orientation)  the  incident  magnetic  field  vector  is  toward 
end  A. 

4.3  Data.  The  data  that  has  been  measured  is  summarized  in 

Table  4.1  and  Table  4.2  for  parallel  and  perpendicular  polarization 

respectively.  The  J, ,  0  ,  and  E„  are  the  exterior  (short  circuit) 

oi  c  n 

measurements  and  V  is  the  interior  measurement.  All  the  exterior 

data  are  normalized  to  the  incident  fields,  i.e.,  Jg/Hp. 

E  /E  and  the  incident  field  phase  reference  is  the  front  of  the 
n  o  - 

cylinder  ((|i  =  0).  For  the  interior  measurements  it  took  some  doing, 

but  eventually  we  were  able  to  obtain  a  normalized  measurement  for 

the  amplitude  with  respect  to  the  incident  electric  vector  E^.  The 

*  1  kd 

phase  is  within  a  constant  kd  (e  )  where  k  is  the  wavenumber  and 
d  is  an  unknown  displacement,  and  is  the  same  for  all  interior 
measurements. 

Figures  4.4  through  4.10  show  samples  of  amplitude  data 
measured.  As  can  be  seen  from  Tables  4.1  and  4.2,  there  are  36  such 
plots  generated  with  corresponding  phase  plots. 
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Table  4.2.  Perpendicular  polarization  data. 
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Figure  4.8.  Interior  voltage,  E-pol , 


Interior  voltage,  H-pol , 


The  data  measured  was  forwards  as  plots  and  on  digital  tape  to 
Dr.  Maurice  I.  Sancer  of  R&D  Associates.  They  processed  and  analyzed 
the  data  and  their  findings  are  presented  in  reference  [5]. 


SECTION  5 


;  CYLINDERS  NEAR  THE  GROUND  PLANE 

I 

I 

Judging  from  the  difficulties  encountered  in  processing  the 
‘  data  we  recognized  that  perhaps  in  those  measurements  we  were  too 

ambitious  when  we  tried  to  provide  numerous  answers  from  a  single  study, 
j  Pulling  out  the  transfer  coefficients  (see  Eq.  (1)),  by  solving  three 

simultaneous  equations  for  three  unknowns  seemed  like  a  straightforward 
task,  but  we  underestimated  the  impact  the  noise  would  have  in  the 
processing  of  the  data.  Consequently,  a  simpler  experiment  was 
conceived,  where  only  the  axial  current  would  couple  into  the 
interior  of  the  cylinder.  Also,  this  experiment  would  demonstrate 
the  transfer  coefficient  dependence  on  the  exterior  environment 
(i.e.,  the  ground  plane).  To  do  this,  the  coupling  hole  on  the  test 
cylinder  was  moved  to  the  center  and  only  E-polarization  was  used. 

In  such  a  case  the  transfer  coefficient  can  simply  be  obtained  by 
taking  the  ratios  of  the  interior  voltages  to  the  short  circuited 
exterior  fields.  To  make  the  study  more  applicable  to  the  real 
situation  (such  as  an  aircraft  sitting  on  the  ground),  the  measure¬ 
ments  were  performed  on  the  cylinder  in  the  presence  of  a  ground 
plane.  This  then  can  provide  answers  to  the  questions  of  the  transfer 
coefficient  sensitivity  when  the  model  is  in  the  presence  of  another 
body.  Again,  data  from  this  study  was  delivered  to  Dr.  Sancer  for 
further  analysis  [5]. 

This  study  in  most  respects  follows  the  previous  measurements, 
but  where  applicable,  we  improved  the  experimental  setup  and  the 
measurement  procedures. 

5.1  Ground  Plane.  Ideally,  the  ground  plane  should  be 
infinite  in  extent,  but  such  requirements  create  enormous  difficulties 


even  if  infinite  means  the  size  of  the  anechoic  chamber.  To  make 
measurements  in  an  anechoic  chamber  on  a  ground  plane,  immediate 
reactions  would  be  to  construct  a  ground  plane  over  the  entire  wall 
(or  the  floor)  as  the  case  may  be  and  bury  the  metal  edges  in  the 
absorber  to  simulate  an  infinite  extent.  For  a  geometry  of  a 
cylinder  near  a  ground  plane  with  perpendicular  incidence  to  the 
sheet,  this  would  require  an  erection  of  a  metal  wall  to  replace  the 
absorber  on  the  back  wall  with  a  metal  plate.  In  addition  to  being 
difficult  to  implement  and  also  very  costly,  such  a  ground  plane, 
however,  would  not  work  well  in  the  sweep  frequency  measurement  mode 
as  used  for  these  measurements.  The  signal  reflected  by  the  plane 
would  interact  with  the  illuminating  antenna  causing  large  oscillatory 
signal  behavior  as  a  function  of  frequency.  One  could  avoid  this 
interaction  by  tilting  the  ground  plane  away  from  the  normal 
incidence,  but  such  would  not  be  a  simple  task  when  a  ground  plane  is, 
(say),  18  feet  wide  and  12  feet  high. 

Instead,  we  chose  to  work  with  a  finite  size  portable  ground 
plane  that  can  be  assembled  inside  the  chamber  and  easily  tilted  in 
case  the  need  existed  to  do  so.  A  consequence  of  using  a  finite 
size  ground  plane  is  that  due  to  the  effect  of  the  edge  diffraction 
the  surface  fields  on  it  depart  from  an  infinite  plane  value.  For 
normal  incidence  on  a  rectangular  ground  plane  several  wavelengths 
in  dimension  the  departures  are  primarily  due  to  the  edges  perpendicular 
to  the  incident  electric  vector.  As  a  result  a  standing  wave  pattern 
across  the  plate  is  set  up.  The  influence  of  the  other  edges  (when 
the  incident  electric  field  is  parallel  to  the  edge)  is  confined 
to  a  distance  of  a  wavelenth  (or  less)  from  the  edge  [7]. 


To  reduce  the  surface  field  perturbation  created  by  the  vertical 
edges,  resistive  sheets  were  added  as  shown  in  Fig.  5.1.  Each  sheet 
was  shaped  like  a  quarter  cylinder  of  radius  25.5  inches  and  had  a 
resistivity  which  increased  quadractical 1y  as  a  function  of  the  surface 
distance  from  the  metallic  plane.  The  effect  of  different  resistivity 
variations  was  determined  by  numerical  experiments  carried  out  using 
codes  for  scattering  by  resistive  sheets  and  the  resistivity  that  was 
finally  selected  started  with  zero  at  the  edge,  increasing  quadratically 
to  about  1000  ohms/square  at  the  rear. 

The  sheets  were  fabricated  by  spraying  thin  layers  of  resistive 
material  on  stiff  art  paper.  After  each  treatment  the  resistivity  was 
measured  with  an  ohmmeter  and  the  process  repeated  until  the  appropriate 
resistivity  profile  was  achieved.  The  final  product  had  a  resistivity 
which  started  at  about  10  ohms/square  and  increased  to  the  designed 
value  of  1000  ohms/square  at  the  outer  edge.  Although  the  surface 
fields  on  the  metallic  part  of  the  resulting  ground  plane  have  not 
been  measured,  it  is  inferred  from  the  numerical  experiments  that 
over  a  central  portion  of  the  plane,  at  least,  the  fields  are 
virtually  identical  to  those  on  an  infinite  metal  plane. 

5.2  The  Model .  The  model  for  these  measurements  was  made  by 
taking  the  center  section  from  the  model  used  in  the  previous 
measurements  and  drilling  a  new  3/8  inch  diameter  hole  in  the  center. 
(The  previous  hole  was  closed  by  applying  a  conductive  adhesive  tape 
over  the  outer  and  inner  surfaces  of  the  cylinder.)  New  cylinder 
end  pieces  were  cut,  this  time  with  flat  ends.  Figure  5.2  shows 
the  dimensions  of  the  new  cylinder.  Overall,  the  cylinder  is  15.120 
inches  long  and  2.005  inches  in  diameter.  The  interior  cavity 


dimensions  are  12.635  inches  long  and  1.752  inches  diameter.  The 
diameter  of  the  center  wire  is  0.030  inch  which  is  shorted  at  one 
end  and  terminates  into  50  ohms  at  the  other  end.  In  actuality 
the  wire  feeds  a  50-ohm  coaxial  cable  that  goes  to  the  network  analyzer 
to  measure  the  signal.  The  cylinder  and  its  ends  are  made  of  brass, 
except  for  the  center  wire  which  is  copper. 

5.3  Experimental  Arrangement.  For  the  measurements,  the  ground 
plane  was  set  up  in  the  chamber  as  shown  in  the  center  of  the  equipment 
block  diagram  (Fig.  5.3).  To  put  the  reader  in  perspective,  recall 
that  in  the  chamber  a  horizontally  polarized  signal  is  transmitted 
from  the  right  and  impinges  the  ground  plane  at  normal  incidence. 

The  cylinder  is  supported  horizontally  by  strings  and  hung  down  from  the 
top  edge  of  the  ground  plane.  It  is  spaced  from  the  ground  plane  by 
styrofoam  spacers.  Figure  5.4  shows  the  geometry  from  the  side  and 
defines  the  pertinent  parameters.  The  positions  of  the  aperture 
and  the  short  circuit  measurements  are  defined  by  0.  When  0=0, 
the  hole  is  on  the  illuminated  side  and  when  0  =  180  degrees,  the  hole 
is  facing  the  ground  plane.  The  spacing  from  the  ground  plane  to  the 
center  of  the  cylinder  is  D,  but  in  presentation  the  spacing  has 
been  designated  by  0/A  where  A  is  the  radius  of  the  cylinder.  Because 
of  the  difficulty  of  routing  the  signal  lead  from  the  cylinder,  the 
symmetric  property  of  the  field  in  0  is  employed  and  in  certain 
instances  measurements  were  made,  say,  for  0  =  -90  degrees  rather 
than  the  scheduled  0  =  90  degrees. 


GROUND  PLANE 


Figure  5.4.  Schematic  view  of  the  experimental  setup.  (Insert 
shows  the  interior  polarity  ' 
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5.5  Measurements .  The  measurements  were  carried  out  in  two 
parts:  (1)  the  exterior  measurements  and  (2)  the  interior  measure¬ 
ments.  As  mentioned  previously,  the  geometry  and  the  illumination 
were  chosen  such  that  only  one  exterior  field  component  (the  axial 
current)  is  excited.  To  measure  this  an  EG&G  MGL-8A(R)  magnetic 
field  sensor  was  used.  This  is  a  surface  current  sensor  with  the 
output  connector  feeding  through  the  mounting  surface.  A  1/2  inch 
diameter  hole  in  the  surface  is  required  to  accommodate  the  sensor. 
Since  this  is  larger  in  diameter  than  that  of  the  coupling  hole, 
on  the  cylinder,  a  1/2  inch  diameter  hole  was  drilled  in  the 
wall  on  the  side  opposite  the  coupling  hole.  When  making 
measurements  the  unused  hole  is  always  closed  up  with  a  conducting 
metallic  tape.  The  exterior  current  on  the  cylinder  was  measured 
at  0  =  0  degrees,  90  degrees  (or  -90  degrees  depending  on  convenience 
of  routing  the  signal  lead),  and  180  degrees  for  ground  plane-to- 
cylinder  spacing  of  D/A  =  1.5,  2.0,  and  5.0.  After  the  cylinder 
measurements,  the  MGL  sensor  with  exactly  the  same  cabling  was 
mounted  on  the  ground  plane  and  the  ground  plate  current  (2  H^) 
was  measured.  The  ratios  of  the  cylinder  measurement  to  the  ground 
plane  measurement  gives  surface  current  values  relative  to  the  ground 
plane  current  and  simply  by  multiplying  this  result  by  a  factor  of 
two  produces  the. surface  current  relative  to  the  incident  magnetic 
field.  Note  that  via  this  calibration  technique  the  ground  plane  is 
the  phase  reference  of  the  incident  field,  i.e.,  the  phase  of  the 
incident  magnetic  field,  H^,  is  zero  at  the  ground  plane. 


The  interior  measurements  were  carried  out  in  a  similar  manner. 


In  this  case  the  cable  that  was  previously  attached  to  the  MGL  sensor  was 
now  connected  to  the  end  of  the  interior  wire  (Fig.  5.2).  The 
measurements  were  repeated  with  the  aperture  locations  in  the  same 
orientations  where  the  MGL  sensor  was  previouly  located.  For  the 
calibration  measurements,  the  signal  cable  was  disconnected  from  the 
cylinder  (interior)  connection  and  connected  to  the  MGL-8  sensor 
mounted  on  the  ground  plane  (without  the  cylinder  present).  Whereas 
for  surface  field  measurements  the  actual  sensor  response  need  not 
be  known  (since  it  cancelled  out  in  the  calibration  process),  here 
the  actual  response 


^  (3) 

was  used  [8].  By  taking  the  ratio  of  the  interior  measurements  to 

the  ground  plane  measurement  and  correcting  for  the  probe  response, 

the  data  in  terma  of  V/H  is  obtained. 

0 

The  d<=ta  are  presented  in  the  next  section. 


SECTION  6 


DATA 

Table  6.1  summarizes  the  data  measured  with  the  cylinder 
near  the  ground  plane.  The  table  consists  of  three  parts:  (A)  Surface 
Field  Measurement,  (B)  Interior  Coupled-Field  Measurements,  and 
(C)  Computed  Transfer  Coefficients.  The  latter  is  obtained  by 
dividing  the  interior  data  (B)  by  the  exterior  data  (A)  and  multiplying 
by  1000  to  obtain  units  of  mV/amp/m.  The  designations  such  as  'CYLIS' 
in  the  table  refer  to  data  plots  and  the  filenames  where  the  data 
have  been  stored  on  tapes. 

All  data  have  been  recorded  and  processed  over  118  to  4400  MHz, 
but  since  there  is  little  meaningful  information  contained  at  higher 
frequencies,  the  data  plots  that  follow  have  been  plotted  to  2500  MHz 
to  show  in  more  detail  the  resonance  regions. 


Table  6.1,  Data  matrix. 


A.  Surface  Field  Measurements,  (A) 
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B.  Interior  Coupled-Field  Measurements,  (B) 
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C.  Transfer  Coefficients,  (B/A)  x  1000 
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Figure  6.2.  Surface  field  measurement  at  <ji  = 
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Figure  6.3.  Surface  field  measurement  at 
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Figure  6.20.  Transfer  coefficients  for  ^  =  0°,  D  =  2.0  A. 

74 


CM 


MM 


FREQUENCy  (MHz:i 


Figure  6.23.  Transfer  coefficients  for  ij)  =  90 
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Figure  6.25.  Transfer  coefficients  for  41  =  1) 
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SECTION  7 


SOME  AFTERTHOUGHTS 

The  study  neither  proved  nor  disproved  the  Sancer  formulation  [5], 
mainly  because  of  noisy  data.  The  noise  in  these  types  of  measurements 
consist  not  only  of  thermal  noise  (due  to  low  signal)  but  also  is 
attributed  to  non-ideal  plane  wave  illumination,  unwanted  interaction 
in  the  chamber  and  signal  penetrations  through  cables  and  connectors. 
After  the  measurement  program  was  completed  and  the  data  studied  it 
became  evident  that  the  low  level  interior  measurements  (Section  6) 
were,  indeed,  contaminated  by  the  leakage  fields. 

By  recognizing  and  knowing  the  noise  characteristics  in  the 
measured  data  one  should  be  able  to  extract  more  meaningful  results 
from  those  data  than  was  obtained  by  Sancer  or  us.  If  measurements 
such  as  these,  or  similar  ones,  are  repeated  it  is  strongly  suggested 
that  an  image  plane  approach  be  used  whereby  all  the  original  leads 
can  be  routed  below  the  image  plane,  thus  minimizing  the  disturbance 
of  the  exterior  fields  and  penetration  of  the  exterior  fields  into 
signal  leads. 
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APPENDIX 


ESTIMATING  THE  JUNCTION  CAPACITANCE  BETWEEN  TWO  COAXIAL  CABLES 

A . 1  Capacitances  of  Basic  Configurations 

A . 1 . 1  Rectangular  Parallel  piped  Sections 

If  the  magnitude  of  the  electric-flux  density  in  the  field  is  D, 
the  electric  flux  passing  across  the  surface  boundary  S  (see  Figure  A-1 ) 
for  the  uniform  field  is 

\li  =  D(s)  =  D(ab)  . 


b 


i. 


Figure  A-1.  Parallelpiped  section. 


The  electric  potential  rise  across  the  space,  along  the  flux 
lines  is 


<{.  =  Et  . 


The  capacitance  of  the  space  is 

P  Q  Dab 

t 


a^ 

t  ’ 
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where  W  =  the  amount  of  charge  at  the  surface  S, 

=  the  permittivity  of  free  space  (=  8.81  x  10”^^  p/^)  and 
e  =  the  dielectric  constant. 

If  there  is  a  magnetic  field  in  the  same  space,  then 
=  B(s)  =  B(ab) 


and  the  permeability  of  this  region  is 


P  =  -I 


where  is  the  permeability  of  the  free  space  (=  12.56  x  10”  Hz/m) 
Consider  Eqs.  (4)  and  (5),  in  which  the  length  t  is  a  mean 
length  of  the  flux  path  and  the  area  (ab)  is  obtained  by  dividing 
the  volume  of  the  region  by  the  mean  length  of  the  flux  path.  Thus 


r  \  volume  of  region 

C  (or  )  -  EqE  (  p^)  (iroan  length  of  patl 


A. 1.2  Semicircular  Cylindrical  Regions 


The  fringing  flux  between  two  edges,  L-L',  is  determined  as 


follows. 


mean  length  of 
flux  path 


^  (a) 


k— R  — tk—  R  — *1 

Figure  A-2.  Semicircular  cylindrical  sections. 


The  mean  length  of  the  flux  path  for  this  case  can  be 
considered  to  be  equal  to  the  length  of  a  line  drawn  midway  between 
the  diameter  and  the  semi  circumference  as  shown  in  Figure  A-2.  The 
length  of  the  mean  flux  path  will  equal  to  (2.24  R)  by  graphical 
measurement.  The  volume  of  the  region  is  {iiK^h/2).  Hence,  from 
Eq.  (6),  the  capacitance  of  the  semicircular  cylindrical  region  is 


C 


TrR2b 

2 

(2.24  R)2 


0.26  e  eb 
0 


(7) 


If  there  is  only  one  half  of  a  semicircular  cylinder  as 
shown  in  Figure  A-2(b),  the  flux  passes  between  the  line  L  and  the  surface 
S.  Both  the  volume  and  the  flux  path  are  reduced  by  two.  Because 
the  length  term  is  squared,  the  resulting  capacitance  is 


C  =  0.52  e^eb  . 


(8) 


A. 1.3  Spherical  Quadrants  and  Octants 

The  flux  lines  of  the  spherical  quadrant  as  shown  in  Figure  A-3(a) 
terminate  at  the  points  labeled  P-P'.  The  mean  length  of  the  flux 
path  is  equal  to  2.6  R  by  graphical  measurement.  Consequently, 
the  capacitance  of  the  space  is  approximately 


(b) 


Figure  A-3.  Spherical  quadrant  sections. 


I  If  there  is  only  one  half;  i.e.,  an  octant,  as  shown  in 

I 

I  Figure  A-3(b),  the  flux  passes  between  the  point  P  and  the  surface  S, 

I  the  capacitance  will  be  twice  that  of  Eq.  (9)  and  is 

I 

I  C  =  0.308  e^cR  .  (10) 


A. 1.4  Quadrants  and  Octants  of  a  Spherical  Shell 
The  flux  line  terminates  at  the  lines  labeled  L-L'.  The 
volume  of  the  quadrant  of  the  spherical  shell  is 

T  (R3  -  R^)  •  (11) 

J  2  1 


Figure  A-4.  Spherical  shell  sections. 


The  mean  length  of  the  flux  path  is 


Thus,  the  capacitance  is 


^0^ 


!  (“I  - 


j-  (R  +  R 

^  1  2 


=  0.42  e^e 


R=  -  R? 


(R  +  R 

.  1  2 


(13) 


If  there  is  only  one  octant  of  the  spherical  shell,  as  shown 
in  Figure  A-4(b),  the  flux  passes  between  the  line  L  and  the  surface  S. 
The  capacitance  will  be  twice  that  of  Eq.  (13);  i.e., 


C 


0.84 


(R  t  R  )2 

.  1  2 


(14) 


A. 1.5  A  Sector  of  a  Rectangular  Toroid 


Figure  A-5.  Rectangular  toroid  sector. 

Consider  the  region  as  shown  in  Figure  A-5.  Assume  that  the  flux 
is  concentric  about  the  axis  0-0',  and  passes  between  the  eouipotential 
surface  labeled  S-S.  If  a  current  I  is  passes  along  the  axis  0-0', 
the  magnetic  flux  contained  in  the  toroidal  space  is 

V]  R 

=  ^  Ib  In  ^ 


(15) 


and  the  scalar  magnetic  potential  is 


m 


The  permeance  of  the  sector  of  the  rectangular  toroidal  space  is 


P  = 


"m 


^0  ^2 

2?  ^ 


§1 

2ir 


and  the  capacitance  of  the  region  is 


C  =  e^e 


0 


R-  n 


b  In  H- 


Two  special  cases  for  the  angle  0  are  always  encountered, 

(1)  If  0  =  7r/2  radians,  as  shown  in  Fig.  6(a) 

R2 

r2b  In 

r  - 

(2)  If  =  radians,  as  shown  in  Fig,  6(b) 


Figure  A-6.  Special  cases  of  rectangular  toroid. 


A. 2  C^citance  for  the  Junction  Between  Two  Coaxial  Cables 


1 


The  regions  that  should  be  considered  in  the  junction  and 
its  capacitance  are: 

(1)  The  circular  toroid  region  between  the  toroidal  terminal 
surface  CC  of  the  outer  conductor  and  the  surface  DD'  of  the  inner 
conductor. 

Assume  that  the  flux  lines  of  Path  1  are  concentric  circles 

having  their  center  at  Point  A.  The  ratio  of  DD'  to  D'A  (i.e., 

R  /R  )  is  usually  large  and  formula  (19)  should  be  used  to  estimate 
2  1 

the  capacitance  (when  3  =  -n/Z) 


C 

1 


2b 


ec. 


eff 


In 


(22) 


where  b^^^  should  be  the  effective  length  of  the  path  measured 
normally  to  the  flux  lines,  b^^^  can  be  taken  as  being  equal  to  the 
circumference  of  a  circle,  the  radius  of  which  is  equal  to  OA  (i.e., 

R^ )  plus  the  radius  of  the  mean  flux  line.  The  radius  of  the  mean 
flux  line  will  be  equal  to  the  geometric  mean  between  AC  and  AC. 

Thus 

bgff  =  2Tr(0A  +  /AC  .’AC)  =  2TT[a  +  /(c  -  a)(c'  -  a)]  .  (23) 

Therefore  the  capacitance  is 


C  =  [a  +  J  (c  -  a)(c  '  -  a)]  In  •  (24) 

(2)  The  region  between  the  right-hand  prism  C  (a  circle  the 
radius  of  which  is  equal  to  OC)  and  the  surface  D'A  (a  cylinder) 
on  the  inner  conductor. 


f 
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When  AC  is  close  to  OA,  the  mean  length  of  the  flux  line 


may  be  taken  as  1.22  R.  Using  Eq.  (61  the  capacitance  is; 

irAC2 


C  =  ^ - 

2  °  (1.22  AC  f 


T~  Vf 

(1.22  AC)2 


(25) 


X  2TT[a  +  0.5(c'  -  a)] 
1.222  (ac’)2 


=  ee^  X  3.32[a  +  0.5(c'  -  a)] 


where  was  taken  as  being  equal  to  an  arithmetic  mean. 

(3)  The  circular  region  between  the  toroidal  terminal  surface 
AB  on  the  inner  conductor  and  the  surface  EE'  on  the  outer  conductor. 

The  capacitance  of  this  path  is  calculated  in  the  same  manner 
as  Path  1.  The  radius  of  the  mean  flux  line  will  be  /cc*  -  b)(c‘  -  a), 
and  bg^^  becomes 


bg^^  =  2Tr  [c'  -  /(F*  “9c'  -  I7J 


(26) 


and  the  capacitance  of  the  region  is 

C3  =  ^  -  a)J  In  •  (27) 

(4)  The  region  between  the  right-hand  prism  A  (a  circle  the 
radius  of  which  is  equal  to  OA)  and  the  surface  CE'  (a  cylinder) 
on  the  outer  conductor. 


93 


The  capacitance  of  this  path  is  calculated  in  the  same  manner 


as  Path  2.  The  capacitance  is 


C  =  X  3.32[a  +  0.5(c'  -  a)]  .  (28) 

4  O 


Consider  another  Junction  as  shown  in  Figure  A-8,  i.e.,  the  radius 
of  the  inner  conductor  a  <  b.  The  formulae  of  Paths  3  and  4  are  then 


bgff^  =  2Tr[c  -  ./(c  -  a)(c  -  b)j  , 

bg^f  =  2Tr[b  +  0.5(c  -  b)]  . 

4 

=  eCg  X  4[c  -  /(c  -  a)(c  -  b)J  In  |-^  , 

C  =  ee  X  3.32[b  +  0.5(c  -  b)] 

4  o 


Figure  A-8. 


Junction  of  dissimilar  radii,  a  <  b. 
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A. 3  Example 


Determine  the  capacitance  between  two  coaxial  cables  that  are 


connected  in  T-T  as  shown  in  Figure  A-8.  The  sizes  of  the  inner  and 


outer  conductors  are: 


a  =  0.038  cm  (0.015")  .  b  =  0.05  cm  (0.0201")  , 

c  =  2.225  cm  (0.876")  ,  c*  *  0.168  cm  (0.066")  .  (29) 


The  four  component  capacitances  are  respectively: 


C  *  ee^  X  4[a  + 
1  0 


c  -  a 


=  ee^  X  4[0.038  + 


2.225  -  0.038 


0.0645  ee^  « 


ee^  X  3.32[a  +  0.5(c'  -  a)] 


=  ee  X  3.32[0.038  +  0.5(0.168  -  0.038)]  x  10’2 


=  0.00342 


eGq  X  4[c  - 


c  -  a 


ee^  X  4[2.225  -V  (2.225 


0.038)(2.225  -  0.05)]  x  10"2 


0.00001  ee^  * 


C  =  ee„  X  3.32[b  +  0.5(c  -  b)] 

4  O 


=  ee^j  X  3.32[0.05  +  0.5(2.225-0.05)]  x  10"2 


=  0.0378  ee. 


The  total  capacitance  for  this  junction  is 


C=C+C+C+C 

12  3  4 


=  0.1057  EE. 


=  0.9358  X  10‘12  (F) 


(30) 


At  the  same  time,  the  unit  distributed  capacitances  of  the 
two  coaxial  cables  are 


2irEE, 


_  2ir  X  8.85  X  10~^^  X  1 


Cable  1 


01 


’"r 


In 


2.225 


Cable  2:  C 


13.666  pF/m 
0.13666  pF/cm 

2ti  X  8.85  X  10"i2  X  2.8 


(31) 


02 


,  0.168 

or 


128.463  pF/m 
1.28463  pF/cm  . 


(32) 
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